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Objective: Accurate and efficient pre-implantation genetic diagnosis (PGD) based on the analysis of
single or oligo-cells is needed for timely identification of embryos that are affected by deleterious genetic
traits in in vitro fertilization (IVF) clinics. Polymerase chain reaction (PCR) is the backbone of modern
genetic diagnoses, and a spectrum of PCR-based techniques have been used to detect various thalassemia
mutations in prenatal diagnosis (PND) and PGD. Among thalassemias, SEA-type a-thalassemia is the
most common variety found in Asia, and can lead to Bart's hydrops fetalis and serious maternal
complications.
Materials and methods: To formulate an efficient digital PCR for clinical diagnosis of SEA-type a-thal-
assemia in cultured embryos, we conducted a pilot study to detect the a-globin and SEA-type deletion
alleles in blastomere biopsies with a highly sensitive microfluidics-based digital PCR method. Genomic
DNA from embryo biopsy samples were extracted, and crude DNA extracts were first amplified by a
conventional PCR procedure followed by a nested PCR reaction with primers and probes that are
designed for digital PCR amplification.
Results: Analysis of microfluidics-based PCR reactions showed that robust signals for normal a-globin
and SEA-type deletion alleles, together with an internal control gene, can be routinely generated using
crude embryo biopsies after a 106-fold dilution of primary PCR products.
Conclusion: The SEA-type deletion in cultured embryos can be sensitively diagnosed with the digital PCR
procedure in clinics. The adoption of this robust PGD method could prevent the implantation of IVF
embryos that are destined to develop Bart's hydrops fetalis in a timely manner. The results also help
inform future development of a standard digital PCR procedure for cost-effective PGD of a-thalassemia in
a standard IVF clinic.
© 2017 Taiwan Association of Obstetrics & Gynecology. Publishing services by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Alpha-thalassemia (a-thalassemia) is one of the most serious
inherited autosomal diseases in Asian populations, and has a high
prevalence in the tropical and sub-tropical areas. The majority of a-
thalassemia can be attributed to genetic aberrations on chromo-
some 16p13.3 [1,2]. Large segment deletions of a-globin gene
clusters cause defects in hemoglobin synthesis, and beget mild to
severe anemia [3]. The most common a-thalassemias in South and
Southeast Asia include the South-East Asian (SEA), Philippines
(PHI), and Thailand (THAI) type deletions. Among them, the SEA-
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type deletion has the highest prevalence, and the carrier fre-
quency ranges from 3 to 11% in most populations.

Most SEA-type carriers are asymptomatic or display mild
symptoms, yet homozygous SEA-type deletion can lead to Hb Bart's
hydrops fetalis in the offspring when both parents are carriers
[4e7]. In addition, the presence of Hb Bart's hydrops fetalis can lead
to serious maternal complications. Although the overall chance of
having a baby with Hb Bart's hydrops fetalis is low in a population
with a 3% prevalence of SEA-type carriers, it represents a serious
concern for many couples, especially those with infertility issues.
Because there is a one in four chance of having a baby with the Hb
Bart's hydrops fetalis when both parents are carriers, it is prudent
to diagnose potential homozygous embryos during the prenatal
stage. This has led to a wide usage of prenatal diagnosis (PND)
among high risk pregnant women, and later the application of pre-
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implantation genetic diagnosis (PGD) in IVF patients prior to the
beginning of pregnancy.

PGD, which examines the genetic makeup of pre-implantation
embryos for inheritable gene defects, aims to prevent the possibil-
ity of transmitting genetic disorders among fertilized embryos in IVF
clinics before embryo implantation, thereby allowing carriers of a
genetically defective allele to conceive a healthy baby [8,9]. Most of
the PND and PGD procedures utilize polymerase chain replication
(PCR) to amplify the affected genetic component(s). These diagnoses
use a wide spectrum of methods ranging from multiplex conven-
tional PCR, real-time PCR, microsatellite PCR to droplet digital PCR
[9e11]. Currently, the standard diagnosis for a-thalassemia carriers
includes conventional PCR and real-time PCR. For example, studies
using a multiple probe GAP-PCR approach indicated that this tech-
nique could allow100%detectionof SEA-typedeletion in carriers and
embryonic tissues [10]. Likewise, a recent study of multiplex fluo-
rescent PCR demonstrated the possibility of using this technique to
detect SEA-type deletionwith genomic DNA from Hb Bart's hydrops
fetalis and single-cell embryo samples [8,9]. However, the efficiency
ofobtaining acceptable amplification fromsingle cellswasonlyabout
85%, and the method is still prone to erroneous readout, suggesting
that a more reliable procedure that provides convenient and timely
evaluation of select genotypes in cultured embryos is much needed.

Digital PCR is a high-resolution detection method that has been
used in the detection of short-fragment tumor DNA in the blood of
patients, and for non-invasive prenatal diagnosis of inheritable
disorders [12e14]. Because the readout of digital PCR is based on
signals in thousands of independent PCR reaction compartments,
its readout is less prone to influence by contaminants when
compared to single-tube PCR reactions [12,15]. It is also less
affected by the amplification efficiency when compared to other
PCR procedures [12,15]. Therefore, it could be an optimal tool for
quick and accurate detection of inherited genetic disorders in
cultured embryos at IVF clinics. While digital PCR is ideal for the
quantification of individual targets in complex samples, the power
of this method is limited in cases where known targets are rela-
tively simple. To take advantage of the power of digital PCR, in the
present study we evaluated the feasibility and optimal conditions
of using a nested digital PCR approach to identify embryos with the
Fig. 1. Design of nested PCR primers and probes for the detection of SEA-type deletion i
a-globin gene clusters are indicated by arrows. The position of SEA-type deletion is indicat
SEA-type deletion allele before embryo transfer in an IVF clinic. The
results may help inform future application of digital PCR for robust
and cost-effective PGD of a-thalassemias in IVF clinics and reduce
the occurrence of Hb Bart's hydrops fetalis [11].

Materials and methods

Patients, sample collection, and DNA extraction

All studies were conductedwith the approval of the Institutional
Review Board (IRB) and Human Research Ethics Committee at
Chang Gung Memorial Hospital, and with informed consent from
each patient. The IRB No. is 102-0050C. This study enrolled a total of
20 cases fromMarch 2010 toMay 2014. These patients aged 29e39,
and have an average age of 33. Nineteen of these cases were
normal, and only one couple carried the SEA-type thalassemia in
both the maternal and paternal genomes. From this couple, we
obtained 9 samples of 3 pro-nuclei (PN) zygotes, 27 samples of Day
3 arrested 2 PN embryos, and 4 samples of blastomere biopsies.

Biopsied blastomere(s) from the cleavage-stage or trophecto-
derm cell-stage embryos were collected into 0.2 ml Eppendorf
tubes with 3 ml cell lysis buffer (Universal TM extraction buffer,
Yeastern biotech CO. Ltd.) [16]. DNAwas released following heating
at 95 �C for 5 min, and all DNA samples were kept at �20 �C before
the assay. The a-thalassemia positive control DNA samples were
collected from the peripheral blood of well characterized SEA-type
deletion carriers, and were extracted with the QIAamp DNA mini-
kit (Qiagen, Germany). The concentration of DNA was quantified
with a Thermo Nanodrop 1000 spectrophotometer.

Detection with the conventional PCR procedure

To identify normal a-globin and SEA-type deletion alleles, DNA
from all blood and embryo biopsy samples were amplified with a
nested PCR protocol (Fig. 1, Table 1). DNA samples were first
amplified with a set of flanking PCR primers. The amplification was
performed with the Qiagen HotstarTaq Plus DNA polymerase kit.
The reactions each contained 2.5 ml 10X PCR buffer, 1 ml MgCl2
(25 mM), 0.5 ml HotstarTaq Plus DNA polymerase (5 U/ml), 5 ml Q
n DNA of embryo biopsies. The positions of primary and secondary primers within the
ed by an arrow bracket.



Table 1
List of PCR primers and TaqMan probes.

Primer Sequence (5' -> 30)

Primers for primary PCR
Forward F1 CTC TGT GTT CTC AGT ATT GGA GGG AAG GAG
Reverse R1 for normal a-globin TGA AGA GCC TGC AGG ACC AGG TCA GTG ACC G
Reverse R2 for SEA-type deletion ATA TAT GGG TCT GGA AGT GTA TCC CTC CCA
HS40 forward primer TTC TGC AAC CAT GAT GAC TGG GTC AAA G
HS40 reverse primer CTG AAG CCT GGC TGT GAA CAC TTT GG
Primers for secondary conventional PCR
Forward F2 GCT TCG CAG GAA CTC GGT CGT CC
Reverse R3 for normal a-globin TGC AGA CTT TAG GGG CAT CTG TTT ACT C
Reverse R4 for SEA-type deletion GAG ACG ATG CTT GCT TTG TCA CCC ATG
HS40 forward primer CAG TGC AGG AGG CTC TCA GGA ACA AGA
HS40 reverse primer AGC ACC AGA GGT TGT AAT CAG CAG TAC CAT
Primers for real-time and digital PCR
Forward F3 ACT CGG TCG TCC CCA CTG T
Reverse R5 for normal a-globin CGC CCG TCC GAC TCA AG
Reverse R6 for SEA-type deletion TGG CTT ACT GCA GCC TTG AA
TaqMan probes for real-time and digital PCR Reportor/Quencher Sequence (5' ->3′)
Normal a-globin FAM-CCC CTG AGC ACC GGA-MGBNFQ
SEA-type deletion FAM-CAG GAG GAT CAC TTA AG-MGBNFQ
HS40 Vic-CCT ATC AGG GAC CAC AGT- MGBNFQ
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solution, 1 ml dNTP (10 mM), 3 ml DNA sample and flanking primers
(F1 þ R1 or F1 þ R2), and ddH2O in a final volume of 25 ml. The
amplificationwas carried out by heating to 95 �C for 5min followed
by 45 cycles of 95 �C for 30 s, 62 �C for 30 s, and 72 �C for 25 s. The
first PCR products from blood DNA samples were diluted by 104-
fold with ddH2O, and amplified with a pair of allele-specific nested
primers in the second PCR reaction (F2 þ R3 or F2 þ R4). For the
second amplification of DNA from embryo biopsy samples, PCR
products from the first amplificationwere routinely diluted 10-fold.
The secondary PCR was conducted with the following protocol:
heating to 95 �C for 5 min followed by 30 cycles of 95 �C for 30 s,
62 �C for 30 s, and 72 �C for 25 s.
Quantification of the primary PCR products by a secondary real-
time PCR

To evaluate DNA contents that are suitable for efficient
detection of the normal a-globin and the SEA-type deletion
Fig. 2. Detection of normal a-globin and SEA-type deletion alleles by the conventional
thalassemia were initially amplified by a set of primary PCR primers (F1 þ R1 þ R2). DNA pro
band for HS40) and SEA-type deletion carriers (samples 1 and 2, with one extra 660-bp ban
This result was confirmed by the secondary amplification with nested primers (F2 þ R3 þ R
400-bp normal a-globin band and a 270-bp HS40 band. DNA from SEA-carriers generated th
type deletion allele [180 bp], and HS40). C. Following the same procedure, analysis of DNA f
and 8), or heterozygous SEA-type deletion (sample 9) can be identified only after the secon
molecular size marker; N: negative control. Specific size markers are indicated by arrows.
alleles by digital PCR, we first quantify the amplifiable DNA in the
first PCR reaction of embryonic DNA samples using a real-time
PCR approach. Following the first PCR with the conventional
method, the PCR products were diluted by 104- to 108-fold, and
then amplified with a LightCycler® Real-Time PCR Capillary
System (Roche, Germany) with nested PCR primers (Fig. 1). The
reaction included 1x TaqMan master mix (Roche), nested PCR
primers or a pair of internal control primers for the human
a-globin upstream regulatory element sequence (HS-40), allele-
specific probes (Table 1), and ddH2O in a final volume of 20 ml.
The amplification was conducted at 95 �C for 15 min, followed by
40 cycles of 95 �C for 20 s and 50 �C for 60 s.
Genotyping with the digital PCR procedure

To quantify the diagnosis of normal a-globin and the SEA-type
deletion alleles in embryo biopsy samples, digital PCR was per-
formed with a QuantStudio™ 3D Digital PCR System after primary
PCR approach. A. Genomic DNA from normal individuals and carriers of SEA-type a-
ducts from normal individuals (sample 3, a 1-kb band for normal a-globin and a 360-bp
d for the SEA-type deletion allele) displayed two and three faint bands, respectively. B.
4). DNA products from normal individuals (sample 6) displayed two specific bands: a
ree specific bands (samples 4 and 5, one each for the normal a-globin allele, the SEA-

rom embryo biopsies showed that embryos with normal a-globin genotype (samples 7
dary PCR. No specific band was identified after primary PCR (data not shown). Marker:
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reaction. Each reaction consisted of QuantStudio™ 3D Digital PCR
master mix v2 (Life Technologies), secondary primers for the
normal a-globin (Fig. 1, primers F3 þ R5) or SEA-type deletion
(primers F3 þ R6) alleles, genotype-specific TaqMan probe, 3 ml
DNA sample, and ddH2O in a final volume of 15 ml. The primers and
probes used in digital PCR were the same as those used in real-time
PCR. Each digital PCR chip was loaded with 10 ml of the PCR reaction
mixture, and amplified by a GeneAmp™ 9700 PCR system. The
amplification was conducted at 96 �C for 10 min, followed by 39
cycles of 60 �C for 120 s, 98 �C for 30 s, and 60 �C for 120 s. The
results were analyzed with a QuantStudio™ 3D Digital PCR In-
strument (Life Technologies).
Fig. 3. Quantification of primary PCR products from embryo biopsy samples with real-ti
PCR, we amplified the primary PCR products of embryo biopsies using a set of digital PCR prim
(A), SEA-type deletion allele (B), and HS40 internal control (C) with real-time PCR. The prima
each of these genes were amplified in a dose-dependent manner.
Results

Identification of normal a-globin and SEA-type deletion alleles in
DNA from blood and embryo biopsy samples with a conventional
PCR procedure.

To examine whether digital PCR is a viable approach for the PGD
of SEA-type a-thalassemia of cultured embryos, we first tested the
primers, probes, and template DNA samples with a conventional
PCR protocol. To ensure an accurate assay using low-copy DNA
samples, we adopted a nested PCR amplification protocol with
allele-specific primers (Table 1; Fig. 1).
me PCR. To calibrate the quantity of DNA that is suitable for the amplification by digital
ers and TaqMan probes designed for the nested amplification of normal a-globin allele

ry PCR products were diluted 104- to 108-fold, and the amplification curves showed that



Fig. 4. Digital PCR amplification of normal a-globin allele and SEA-type deletion allele with DNA from embryo biopsies. The primary PCR products of embryo biopsies were
amplified by digital PCR to generate normal a-globin (A, FAM labeling), SEA-type deletion (B, FAM labeling), HS40 (C, Vic labeling), normal a-globin and HS40 (D), or SEA-type
deletion and HS40 (E) signals after a 106-fold dilution. Sample false-color images of microfluidic digital PCR chips showed that obvious fluorescent blue dot (FAM) and red dot
(Vic) signals were generated in > 15% of the reaction compartments. In these images, a color dot represents a reaction compartment that gives off a signal. Discrete fluorescent
signals were obtained when one (AeC) or two (D-E) sets of primers and probes were used in amplification. In reactions with two products (D and E), a green dot represents an
overlap of blue dot (FAM) and red dot (Vic) signals in the same compartment.
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Fig. 4. (continued).
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All DNA samples were first amplified with the flanking primers,
followed by a second PCR reaction using nested primer pairs. As
shown in Fig. 2, conventional PCR amplification of blood DNA
samples from two carriers generated specific bands for both normal
a-globin gene and SEA-type deletion in both primary PCR (Fig. 2A,
samples 1 and 2) and secondary PCR (Fig. 2B, samples 4 and 5). On
the other hand, DNA from a normal individual yielded only bands
from normal a-globin gene in the primary and secondary PCR
products (Fig. 2A, samples 3 and Fig. 2B, sample 6). Unlike blood
genomic DNA samples, amplification of DNA from embryo biopsies



Table 2
Quantification of digital PCR signals from blastomere biopsy samples. An example of
results from one embryo biopsy is presented.

Genotyping Proportion and number of wells that are
positive for select allele(s)

a-globin allele HS40 control

One probe: normal
a-globin allele

16%
3052/19032 wells

One probe: SEA-type
deletion allele

26.3%
4716/17944 wells

One probe: HS40 control 31.2%
4972/15925 wells

Two probes: normal
a-globin þ HS40

18.2%
3555/19579 wells

45.4%
8890/19579 wells

Two probes: SEA-type
deletion þ HS40

20.1%
3809/18395 wells

39.4%
7254/18395 wells
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generally yielded no specific bands or non-specific bands after the
first PCR reactions (data not shown). Positive bands for the normal
a-globin gene and/or the SEA-type deletion alleles were produced
only after the secondary PCR (Fig. 2C; normal embryos, samples 7
and 8; carrier embryo, sample 9).
Quantification of pre-amplified DNA in embryo biopsy samples by
real-time PCR

Because digital PCR is an extremely sensitive method for
detecting low copy DNA, it is necessary to have an accurate
assessment of the input DNA to allow optimal performance [12,15].
To do this, we evaluated the quantity of amplifiable DNA product in
the first PCR reactions using a real-time PCR procedure. We
amplified the three targeted PCR products (i.e., normal a-globin
gene, SEA-type deletion, and the HS40 internal control) with five
different dilutions of the first PCR products (104- to 108-fold dilu-
tion) using a Roche Light Cycler Capillary System. As shown in
Fig. 3, the products of normal a-globin, SEA-type deletion, and the
HS40 internal control were detected dose-dependently with reg-
ular Delta CT curves. The results showed that the pre-amplified DNA
products from blastomere DNA samples were relatively high, and a
105- to 106-fold dilution, or a CT value between 27 and 30, could be
suitable for the detection using a digital PCR approach. Accordingly,
we selected a 106-fold dilution as the starting point for testing the
digital PCR genotyping approach.
Preimplantation genetic diagnosis of SEA-type a-thalassemia in
cultured embryos with digital PCR.

To evaluate the efficiency of digital PCR for the detection of SEA-
type a-thalassemia in embryo biopsies, we analyzed the amplifi-
cation of [1] normal a-globin allele [2], SEA-type deletion allele, and
[3] HS40 internal control individually as well as [4] normal a-globin
allele plus HS40 and [5] SEA-type deletion allele plus HS40 with
templates that have been diluted 106-fold after the first PCR
reaction.

Analysis of the digital PCR products with single gene probes
showed that all reactions generated significant signals for the
normal a-globin allele, SEA-type deletion allele, or the HS40 control
sequences with high sensitivity (Fig. 4AeC). In these single probe
reactions, 16e31.2% of amplification compartments (i.e., PCR reac-
tion droplets) showed positive signals for the target genes (Table 2).
Likewise, digital PCR with two different fluorescent probes detec-
ted the targeted a-globin gene allele and the HS40 control sequence
simultaneously with high sensitivity (Fig. 4D and E). In these re-
actions, 18.2e45.4% of the amplification compartments showed
positive signals (Table 2). Importantly, the signal intensity for a-
globin gene alleles and that of the HS40 control in single and dual
probe reactions are similar.

Discussions

Based on a nested PCR approach, we have shown that the SEA-
type deletion in developing embryos can be efficiently diagnosed
with digital PCR. In the protocol presented here, we were able to
amplify normal and mutant a-globin alleles as efficient as a control
gene with single- or oligo-copy of the genome in blastomere
biopsies.

Homozygous a-globin gene defect can lead to Hb Bart's hydrops
fetalis. Earlier studies have developed a variety of PCR approaches,
including quantitative PCR, multiplex fluorescent PCR, multiplex-
microsatellite PCR, real-time GAP-PCR, and droplet digital PCR to
identify carriers of the SEA-type deletion allele [9e11, 17, 18]. Some
of these methods have also been adopted for the diagnosis of SEA-
type deletion in PGD, thus avoiding the consequences of implanting
defective embryos.

Currently, conventional PCR is the accepted tool for determining
the presence of SEA and other types of a-thalassemia in carriers or
embryos in IVF clinic. Almost all current clinically applicable pro-
cedures were based on single-tube formats in a binary process
regardless which PCR method was used. These traditional diag-
nostic strategies are prone to amplification failure, and such failure
can lead to misdiagnosis. For example, a recent report using
multiplex fluorescent PCR on heterozygote single cells indicated
that the amplification efficiency with blastomere biopsy samples is
approximately 85%, and erroneous results was obtained in select
samples. Therefore, a more reliable test is desired.

Recent developments have suggested that digital PCR could be a
more accurate method for the quantification of genetic disorders in
complex samples with extremely low copy DNA. Microfluidics-
based digital PCR is a method that counts amplification from sin-
gle nucleic acid molecules in thousands of separate compartments
[19, 20], and it converts the exponential nature of PCR to linear
signals that can easily be measured with high precision. In addition,
unlike conventional or real-time PCR, quantification with digital
PCR is not affected by the efficiency of amplification and does not
require a calibration curve [21]. A recent study has reported that
droplet digital PCR is capable of detecting SEA-type thalassemia in
carriers with high efficiency [11]. However, whether this approach
is useful for PGD has not been described. Because blastomere bi-
opsies contain only single or oligo copies of genome, we adopted a
nested PCR approach to expand the templates in primary reactions,
thereby allowing the presence of target alleles to be digitally
quantified with a high confidence.

The utility of a PGD assay depends on a number of factors. An
optimal assay requires high sensitivity and specificity, and can be
performed in a timely manner. Because digital PCR enables rapid
detection of the a-globin alleles from early embryos within a
couple of hours after sampling and is not allele dependent, these
data highlight the potential of using digital PCR to facilitate genetic
diagnoses of SEA-type deletion and other genetic disorders in the
cleaved-stage embryos (i.e., day 3 post-fertilization). Future
studies that are aimed to simplify the digital PCR protocol for a
speedy identification of affected embryos will be needed in order
to make this method an accepted PGD assay for the SEA-type
deletion.

In conclusion, the digital PCR appears to be a highly accurate
method for the detection of SEA-type deletion in biopsied blasto-
mere samples when it is performed with a nested PCR design.
Because this technique requires minimal labor and has a rapid
turnaround time, it could provide unforeseen benefits for routine
diagnosis of a-thalassemia in IVF clinics.
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